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C O R O N A V I R U S

Enhanced SARS-CoV-2 neutralization by dimeric IgA
Zijun Wang1*, Julio C. C. Lorenzi1*, Frauke Muecksch2*, Shlomo Finkin1*, Charlotte Viant1, 
Christian Gaebler1, Melissa Cipolla1, Hans-Heinrich Hoffman3, Thiago Y. Oliveira1,  
Deena A. Oren4, Victor Ramos1, Lilian Nogueira1, Eleftherios Michailidis3, Davide F. Robbiani5, 
Anna Gazumyan1, Charles M. Rice3, Theodora Hatziioannou2, Paul D. Bieniasz2,6,  
Marina Caskey1, Michel C. Nussenzweig1,6†

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the virus that causes coronavirus disease 2019 
(COVID-19), primarily infects cells at mucosal surfaces. Serum neutralizing antibody responses are variable and 
generally low in individuals that suffer mild forms of COVID-19. Although potent immunoglobulin G (IgG) anti-
bodies can neutralize the virus, less is known about secretory antibodies such as IgA that might affect the initial 
viral spread and transmissibility from the mucosa. Here, we characterize the IgA response to SARS-CoV-2 in a 
cohort of 149 convalescent individuals after diagnosis with COVID-19. IgA responses in plasma generally correlated 
with IgG responses. Furthermore, clones of IgM-, IgG-, and IgA-producing B cells were derived from common pro-
genitor cells. Plasma IgA monomers specific to SARS-CoV-2 proteins were demonstrated to be twofold less potent 
than IgG equivalents. However, IgA dimers, the primary form of antibody in the nasopharynx, were, on average, 
15 times more potent than IgA monomers against the same target. Thus, dimeric IgA responses may be particu-
larly valuable for protection against SARS-CoV-2 and for vaccine efficacy.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
encodes a trimeric spike surface protein (S) that mediates entry into 
host cells (1, 2). The virus initially infects epithelial cells in the naso-
pharynx when the receptor binding domain (RBD) of S interacts with 
the angiotensin-converting enzyme–2 (ACE-2) receptor (3–6). SARS-
CoV-2 may subsequently spread to other epithelial cells expressing 
ACE-2 in the lung and gut. These tissues are rich in lymphoid cells 
that are organized into nasopharynx-associated and gut-associated 
lymphoid tissues (NALT and GALT, respectively). Vaccines delivered 
by inhalation to specifically target these tissues appear to be more 
effective in providing sterilizing protection against SARS-CoV-2 (7). 
Among other specializations, NALT and GALT produce large quan-
tities of immunoglobulin A (IgA) antibodies. These antibodies exist 
as monomers in circulation, where they make up 15% of the serum 
antibody pool in healthy individuals. However, IgA is found in 
higher concentrations in secretions from mucosal surfaces, where it 
exists predominantly as a dimer covalently linked by J chain (8–10).

Although most individuals produce antibodies in response to 
SARS-CoV-2 infection, the neutralizing antibody response is highly 
variable, with as many as 30% of the population producing antibodies 
with neutralizing activity below 1:50 in pseudovirus neutralization 
assays (11, 12). Higher neutralization titers and plasma RBD bind-
ing activity are associated with prolonged infection, which is likely 
due to prolonged exposure to the virus (11–13). IgG antibody cloning 
experiments from recovered individuals have revealed that neutral-
izing antibodies target several distinct and nonoverlapping epitopes 

on the RBD (11, 14–18). Some of these antibodies are potently neutral-
izing and can prevent or treat infection in animal models (15–19). 
Moreover, longitudinal studies indicate that these antibodies may 
also be protective in humans (20–22). In a cohort of 113 individuals 
of varying disease severity, anti-RBD antibody levels and neutralizing 
activity were predictive of disease outcome (20). Individuals that 
developed higher neutralizing titers earlier ultimately fared better (20), 
as did hospitalized individuals that developed higher anti-spike 
antibody titers (21).

Consistent with the fact that SARS-CoV-2 initially infects in the 
nasopharynx, IgA antibodies that bind to SARS-CoV-2 are produced 
rapidly after infection and remain elevated in the plasma for at least 
40 days after the onset of symptoms (23–26). While some viruses, 
such as influenza virus, show increased susceptibility to dimeric forms 
of antibodies such as IgA (27–29), others with lower spike densities 
that cannot be cross-linked by antibodies, like HIV-1, do not (30). 
IgA antibodies have been shown to bind to the RBD of SARS-CoV-2 
and can neutralize the virus (23–25). However, the precise contri-
bution and molecular nature of the IgA response to SARS-CoV-2 
have not been reported to date.

Here, we examined a cohort of 149 convalescent individuals who had 
confirmed infection with SARS-CoV-2 and their close contacts who 
had measurable plasma neutralizing activity to investigate the contribu-
tion of IgA to anti–SARS-CoV-2 antibody response. The individuals 
were part of a cohort of SARS-CoV-2–infected people that represent 
a spectrum of illness severity from mild to hospitalized, all of which 
survived the infection (11). Cloning IgA antibodies from single B cells 
revealed that the neutralizing activity of monomeric IgA is generally 
lower than corresponding IgG monomers, but dimeric IgA antibodies 
are, on average, 15-fold more potent than their monomeric counterparts.

RESULTS
Plasma anti–SARS-CoV-2 RBD IgA
IgM, IgG, and IgA account for 5, 80, and 15% of the antibodies in 
plasma, respectively. IgG responses to RBD are strongly correlated 
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with neutralizing activity (11, 13–17, 31–35). To examine the con-
tribution of IgA to the anti–SARS-CoV-2 RBD response, we tested 
plasma samples for binding to the RBD by a validated enzyme-linked 
immunosorbent assay (ELISA). A positive control sample (COV21) 
was included for normalization of the area under the curve (AUC), 
and eight independent healthy donor samples were included as negative 
controls (Fig. 1A). We identified some binding of RBD by IgA and IgM 
antibodies from healthy donors, similar to that reported for IgG. This 
binding may reflect some cross-reactivity with seasonal coronaviruses 
(11). Whereas 78 and 15% of the individuals in this cohort showed IgG 
and IgM anti-RBD concentrations that were at least two SDs above 
control, only 33% did so for IgA (Fig. 1, A and B) (11). Thus, in individuals 
studied, on average, 40 days after infection, the circulating concentra-
tions of anti-RBD IgA are more modest than IgG and higher than IgM.

Anti-RBD IgA titers were correlated with duration (P = 0.005) 
and severity of symptoms (P < 0.0001) but not timing of sample 

collection relative to onset (P = 0.69) or age (P = 0.22) (Fig. 1, C to F). 
Concentrations of anti-RBD IgA antibodies correlated strongly with 
anti-RBD IgG concentrations (P < 0.0001; Fig. 1G). Similar to IgG, 
females had lower concentrations of RBD-specific IgA than males 
(P = 0.002; Fig. 1H) and hospitalized individuals showed higher 
anti-RBD IgA titers than those with milder symptoms (P = 0.004; 
Fig. 1I). In addition, cases had higher anti-RBD IgA titers than con-
tacts (P = 0.025; Fig. 1J). Individuals that suffered gastrointestinal 
symptoms showed significantly higher plasma anti-RBD IgA (P = 0.003; 
Fig. 1K) but not IgG titers (P = 0.06; Fig. 1L).

Neutralization activity of purified IgG and IgA
To compare the neutralizing activity of plasma IgA to IgG directly, 
we purified both isotypes from the plasma of all 99 individuals in 
our cohort that showed measurable plasma neutralizing activity and 
tested the two isotypes in an HIV-1–based SARS-CoV-2 pseudovirus 
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Fig. 1. Patients with COVID-19 have plasma IgA antibodies that recognize SARS-CoV-2 RBD. (A) ELISAs were used to measure plasma IgA reactivity to the SARS-
CoV-2 RBD. The graph shows optical density units at 450 nm (OD) and reciprocal plasma dilutions. Negative controls in black; individuals 21, 47, and 96 in blue, orange, 
and green lines and arrowheads, respectively (11). (B) The normalized area under the curve (AUC) values for 8 controls and each of 149 individuals in the cohort were 
plotted. Horizontal bar indicates mean values. Black dots indicate the individuals that are 2 SDs over the mean of controls, and gray dots represent the individuals below 
the same parameter. (C) The duration of symptoms in days was plotted against normalized AUC for plasma IgA binding to RBD. (D) Subjective symptom severity was 
plotted against the normalized AUC for IgA binding to RBD. (E) Symptom onset to time of sample collection in days was plotted against normalized AUC for plasma IgA 
anti-RBD. (F) Age was plotted against normalized AUC for plasma IgA anti-RBD. (G) Normalized AUC of plasma anti-RBD IgG ELISA plotted against the normalized AUC for 
plasma IgA anti-RBD. (H) The normalized AUC of anti-RBD IgA ELISA was plotted for males (n = 83) and females (n = 66). (I) The normalized AUC of anti-RBD IgA ELISA was 
plotted for outpatients (n = 138) and hospitalized (n = 11) individuals. (J) The normalized AUC of plasma anti-RBD IgA ELISA for all cases (n = 111) and contacts (n = 38) in 
the cohort was plotted. (K and L) The normalized AUC of anti-RBD IgA (K) or IgG (L) ELISA for patients with gastrointestinal (GI) symptoms (n = 32) and without GI symp-
toms (n = 117) was plotted. The r and P values for the correlations in (C) to (G) were determined by two-tailed Spearman’s correlations. For (H) to (L), horizontal bars indi-
cate median values. Statistical significance was determined using a two-tailed Mann-Whitney U test.
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neutralization assay (11, 34). Plasma IgG (P < 0.0001; Fig. 2A) and 
IgA (P = 0.0005; Fig. 2B) binding to RBD was directly correlated to 
their neutralizing activity and to the neutralizing activity in plasma 
(P < 0.0001; Fig. 2, C and D, respectively). In addition, there was 
good correlation between the neutralizing activity of IgG and IgA in 
a given individual (P < 0.0001; Fig. 2E). However, potency of each of 
the two isotypes varied by as much as two orders of magnitude be-

tween individuals (P < 0.0001; Fig. 2F). Purified IgG was generally 
more potent than IgA in neutralizing SARS-CoV-2 pseudovirus 
in vitro. The geometric mean half-maximal inhibitory concentra-
tion (IC50) for IgG was 384 nM versus 709 nM for IgA (Fig. 2F). 
Nevertheless, IgA antibodies were more potent than IgG antibodies 
in 25% of the individuals tested (Fig. 2G). The two isotypes also dif-
fered in that the overall potency of purified IgG was correlated with 
symptom severity (P = 0.0002; Fig. 3A), but purified IgA was not 
(P = 0.15; Fig. 3B). Likewise, potency of purified IgG was correlated 
with timing of sample collection relative to onset, but purified IgA 
was not (P = 0.020 and P = 0.15; Fig. 3, C and D). Neutralizing ac-
tivities of purified IgG and IgA were not correlated with age, dura-
tion of symptoms, or sex (fig. S1). The potency of purified IgG was 
higher in hospitalized individuals (P = 0.009; Fig. 3E), but for IgA, 
this was not the case (P = 0.98; Fig. 3F). Last, the potency of the 
purified IgA (P = 0.036), but not IgG (P = 0.09), was greater in individ-
uals that suffered from gastrointestinal symptoms (Fig. 3, G and H).

Monoclonal anti–SARS-CoV-2 IgM and IgA antibodies
To characterize the IgM and IgA anti-RBD antibodies elicited by 
SARS-CoV-2 infection, we used flow cytometry to purify single B 
lymphocytes that bind to RBD and cloned their antibodies. We 
obtained 109 IgM- and 74 IgA-matched (64 IgA1 and 10 IgA2) Ig 
heavy and light chain sequences by reverse transcription and subse-
quent isotype-specific polymerase chain reaction (PCR) from three 
convalescent individuals (Fig. 4, A and B). As reported for IgG 
antibodies (11, 14, 17, 33, 36), the overall number of mutations was 
generally low when compared to antibodies obtained from individuals 
suffering from chronic infections such as hepatitis B or HIV-1 (fig. 
S2) (37, 38). However, the number of V gene nucleotide mutations 
in IgM and IgA heavy and light chains varied between individuals. 
For example, in donor COV21, the number of IgM and IgA heavy 
chain mutations was similar. In contrast, IgM heavy and light chain 
nucleotide mutations were significantly greater than IgA mutations 
in COV47 (P < 0.0001; fig. S2B). The relatively unexpected similarity 
between the number of somatic mutation in IgM and IgG could be 
due to the timing of sample collection early in the immune response 
before full maturation of the germinal center, wherein most IgG-
producing memory cells acquire their mutations (39).

Complementarity-determining region 3 (CDR3) length was sig-
nificantly shorter for IgM than IgA and IgG antibodies (P < 0.001; 
fig. S3), and hydrophobicity was higher for IgM over control but 
not for IgA and IgG (fig. S4). Compared to the normal human anti-
body repertoire, several IgA and IgM VH genes were overrepresented, 
including VH3-53, which can make key contacts with the RBD through 
germline-encoded CDRH1 and CDRH2 (fig. S5) (11, 40, 41).

Like IgG antibodies (11), IgA and IgM antibodies were found in 
expanded clones in all three of the individuals examined. Overall, 66.2 
and 66.1% of all the IgA and IgM sequences examined were mem-
bers of expanded clones (Fig. 4, A and B, and data file S1). Nearly 
identical sequences were shared among the three isotypes in clones 
found in all three individuals, indicating that switch recombination 
occurred during B cell clonal expansion in response to SARS-CoV-2 
(Fig. 4, B and C). In total, 11 of 55 antigen-specific B cell clones in 
circulation belonged to expanded clones that contained members 
expressing different constant regions (Fig. 4C and data files S1 and 
S2). When compared directly, the neutralizing activity of antibodies 
that were members of B cell clones producing IgA or IgG varied and 
did not correlate with one or the other isotype (table S1).
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Fig. 2. SARS-CoV-2 pseudovirus is neutralized by purified IgA and IgG. Neutral-
ization activity of plasma-purified IgG and IgA from 99 participants was measured 
in cell lysates of HT1080ACE2cl.14 cells 48 hours after infection with pNL4-3Env-
nanoluc–based SARS-CoV-2 pseudovirus. (A and B) The normalized AUC for plasma 
IgG (A) or IgA (B) anti-RBD ELISA was plotted against purified IgG (A) or IgA (B) 
pseudovirus neutralization 1/IC50 values. Individuals 21, 47, and 96 are indicated 
with blue, orange, and green arrowheads, respectively. (C and D) Published plasma 
neutralizing titer 50 (NT50) values (11) were plotted against purified IgG (C) or IgA (D) 
pseudovirus neutralization 1/IC50 values. (E) Purified IgA pseudovirus neutralization 
IC50 values were plotted against purified IgG pseudovirus neutralization IC50 val-
ues. (F) Purified IgA and IgG pseudovirus neutralization IC50 values were compared. 
(G) The plot depicts the ratio of pseudovirus neutralization IC50 values of purified 
IgG to IgA (n = 95). The r and P values in (A) to (E) and (G) were determined by two-
tailed Spearman’s correlations. In (F), P values were determined by two-tailed 
Mann-Whitney U tests, and horizontal bars indicate median values. Samples for which 
purified IgA IC50 values could not be detected are not plotted, resulting in n = 95 
for (B) and (D) to (G).
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To examine the binding properties of the anti–SARS-CoV-2 
monoclonal antibodies, we expressed 46 IgM and 35 IgA antibodies 
by transient transfection (data file S3). IgM variable regions were 
produced on an IgG1 backbone to facilitate expression and purifica-
tion. IgA antibodies were expressed as native IgA1 or IgA2 monomers. 
ELISAs on RBD showed that 100 and 91.3% of the IgA and IgM 

antibodies bound to the RBD with an average half-maximal effec-
tive concentration of 52.8 and 101.6 ng/ml, respectively (fig. S6, A 
and B, and data file S4).

To determine neutralizing activity of the IgM and IgA antibodies, 
we tested them against an HIV-1–based SARS-CoV-2 pseudovirus 
as either IgG monomers or native IgA monomers, respectively. IgM 
antibodies were tested as IgG antibodies because of the difficulty in 
producing IgM pentamers. Among the 42 RBD binding IgM anti-
bodies tested, we found 10 that neutralized the virus in the ng/ml 
range with an IC50 of 114.0 ng/ml (Fig. 5A, fig. S6C, and data file 
S4). In contrast, 32 of 35 RBD binding IgA antibodies tested 
neutralized the virus in the ng/ml range with an IC50 of 53.6 ng/ml 
(Fig. 5A, fig. S6C, and data file S4). Thus, IgM antibodies expressed 
as monomeric IgG antibodies show lower neutralizing activity than 
either native IgA or IgG monomers (Fig. 5A).

To examine the epitopes targeted by the IgA antibodies with high 
neutralizing activity, we performed biolayer interferometry experi-
ments in which a preformed antibody-RBD complex consisting of 
anti-RBD antibodies representing class 1, 2, 3, or 4 as determined by 
structural analysis (C144-, C121-, C135-, or CR3022-RBD) was ex-
posed to an IgA monoclonal (Fig. 5, B and C) (11, 40, 42). The IgA 
monoclonal antibodies bound to RBD with variable affinities 
(Fig. 5B). Seven of the IgA antibodies were in class 1 or 2 and com-
peted with C144 or C121, and two others competed with C135 and 
were therefore in class 3 (Fig. 5C and fig. S7).

Dimeric anti–SARS-CoV-2 IgA is more potent than 
monomeric IgA
Mucosal IgA exists predominantly as a dimer of two IgA monomers 
covalently linked together by J chain. To compare the binding prop-
erties of IgA monomers and dimers, we coexpressed eight IgA1s and 
one IgA2 with J chain to produce mixtures of monomers and dimers 
that were purified by size exclusion chromatography (fig. S8). When 
tested in biolayer interferometry experiments, the dimers uniformly 
showed increased apparent affinities compared to the monomers by 
an average of 43.27-fold (P = 0.016; Fig. 6, A and B). To determine 
whether increased apparent affinity correlates with neutralizing 
activity, we compared the monomers and dimers in pseudovirus 
neutralization assays. All but one of the IgA dimers were more po-
tent at neutralizing pseudovirus than the corresponding monomers 
with differences in activity ranging from 3.8- to 113-fold (Fig. 6C, 
fig. S9A, and table S2). The relative increase in neutralizing activity 
between monomer and dimer was inversely correlated with the 
neutralizing activity of the monomer in this assay (IC50: r = 0.80, 
P = 0.014; fig. S9B). For example, whereas C437, the most potent 
antibody, showed equivalent activity as a monomer and dimer, 
C408, one of the least potent antibodies, was 113-fold more potent 
as a dimer (fig. S9B).

IgA monomers and dimers were also compared in authentic 
SARS-CoV-2 microneutralization assays (Fig. 6D and fig. S9, C and 
D). Neutralizing activities of the nine monomers and nine dimers 
correlated strongly with those measured in the pseudovirus neutral-
ization assay (IC50: r = 0.84, P < 0.0001; IC90: r = 0.91, P < 0.0001; fig. 
S9E). On average, there was a 15-fold geometric mean increase in 
activity for the dimer over the monomer against SARS-CoV-2 and 
less variability in the degree of enhancement in microneutralization 
compared to pseudovirus assays (Fig. 6E and table S2). Thus, 
dimeric IgA is more potent than monomeric IgA against SARS-
CoV-2 (Fig. 6E).
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ma IgG (E) and IgA (F) pseudovirus neutralizing IC50 values were compared for all 
outpatient (n = 90) and hospitalized (n = 9) participants in the cohort. (G and H) 
Purified IgG (G) and IgA (H) pseudovirus neutralization IC50 values for patients were 
compared for patients with GI symptoms (n = 21) and without GI symptoms (n = 74). 
The r and P values in (A) to (D) were determined by two-tailed Spearman’s correla-
tions. In (E) to (H), P values were determined by two-tailed Mann-Whitney U tests, 
and horizontal bars indicate median values.
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DISCUSSION
Neutralizing antibody titers are the best correlates of protection in 
most vaccines (43). Among antibody isotypes, secretory IgA, which 
is found at mucosal surfaces, plays a crucial role in protecting against 
pathogens that target these surfaces (44). Serum IgA monomers are 
produced by the same cells that produce secretory dimers, and we 
find that serum IgA responses to SARS-CoV-2 correlate with IgG 
responses. Although the monomeric form of IgA found in serum is, 
on average, twofold less potent than IgG, the dimeric, secretory form 
of IgA found in mucosa is more than one log more potent than their 
respective monomer forms against authentic SARS-CoV-2, suggest-
ing that dimeric IgA is a more potent neutralizer than IgG. The dif-
ference in neutralizing activity between the isotypes in serum could 
be due to differences in the developmental kinetics of the two iso-
types during the immune response to this pathogen.

The increased potency of the dimeric form of IgA suggests that 
cross-linking the S protein on the viral surface enhances neutralizing 
activity either directly or simply through increased apparent affinity. 
This observation is consistent with the finding that monovalent Fab 

fragments of serum IgG antibodies are far less potent than the intact 
antibody (40). In addition, our findings are in agreement with pre-
vious reports demonstrating that influenza virus is more susceptible 
to neutralization by IgA dimers than monomers (27–29). Whether 
the effect that we observed in the context of SARS-CoV-2 is due to 
inter- or intraspike cross-linking is not known, but it indicates that 
antibodies or drugs designed to block entry by binding to the RBD 
could be made more potent by increasing their valency.

Limitations of our study include not having tested the native se-
cretory form of IgA in saliva or feces. In addition, we are unable to 
explain why the monomeric forms of IgG are more potent in neu-
tralizing SARS-CoV-2 than monomeric IgA. We speculate that this 
might be due to differences in the precise mechanisms of selection 
for entry into the IgG or IgA memory or plasma cell compartments 
(45). Future studies will be necessary to mechanistically evaluate 
these differences.

A number of different candidate vaccines to SARS-CoV-2 are cur-
rently being evaluated in the clinic, including mucosally delivered vac-
cines that typically produce more robust mucosal immune responses (7). 
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Fig. 4. Characterization of monoclonal anti–SARS-CoV-2 RBD IgM, IgG, and IgA antibodies. (A) B cells producing IgM, IgG, and IgA from three individuals—COV21, 
COV47, and COV96—were analyzed, and clonality was evaluated. The number in the inner circle indicates the number of sequences analyzed for the individual denoted. 
Pie slice size is proportional to the number of clonally related sequences. Colored pie slices indicate clones or singlets that share the same IGHV and IGLV genes and have 
highly similar CDR3s across isotypes. Gray indicates clones that are not shared. White indicates singlets that are not shared. The right side circos plots show the relation-
ship between antibodies of different isotypes that share the same IGH V(D)J and IGL VJ genes and have highly similar CDR3s. Purple, green, and gray lines connect related 
clones, clones and singles, and singles to each other, respectively. (B) Circos plot shows sequences from all three individuals with clonal relationships depicted as in (A). 
(C) Sample sequence alignment for antibodies of different isotypes isolated from individual COV47 that display the same IGH V(D)J and IGL VJ genes and highly similar 
CDR3s. Amino acid differences in CDR3s to the reference sequence (bold) are indicated in red, and dots represent identical amino acids.
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Secretory IgA responses may be particularly important to these ef-
forts in that potent dimeric forms of these antibodies are found at 
the mucosal surfaces where cells are initially targeted by SARS-
CoV-2. Thus, even vaccines that elicit modest neutralizing activity 
in serum may be protective, because the secretory polymeric forms 
of antibodies in mucosa can neutralize the virus. Furthermore, 
vaccines delivered via the mucosal route can elicit superior IgA re-
sponses (46–48). Whether vaccines that are specifically designed to 
elicit mucosal IgA responses will be particularly effective preventing 
SARS-CoV-2 infection remains to be determined (7).

MATERIALS AND METHODS
Study design
The goal of this study was to investigate the IgA response to SARS-
CoV-2  in a cohort of 149 convalescent patients after diagnosis of 
coronavirus disease 2019 (COVID-19). First, we evaluated the over-
all binding and neutralizing activity of the plasma anti-RBD IgA, 
IgG, and IgM antibodies. Second, we sequenced and analyzed the 
B cell receptors (BCRs) of single B cells from peripheral blood and 

characterized the three isotypes produced by B cells derived from 
three individual donors. Third, we cloned and expressed monoclonal 
IgA and IgM antibodies and tested their binding and neutralizing 
activities. Last, we compared the affinity and neutralization potency 
of IgA monomers and dimers against SARS-CoV-2 pseudovirus and 
authentic SARS-CoV-2. Each experiment contained a minimum of 
two technical replicates.

Samples were obtained from 149 individuals under a study pro-
tocol approved by the Rockefeller University in New York from 
1 April to 8 May 2020 as described in (11). All participants provided 
written informed consent before participation in the study, and the 
study was conducted in accordance with Good Clinical Practice and 
clinical data collection. The study was performed in compliance 
with all relevant ethical regulations, and the protocol was approved 
by the Institutional Review Board of the Rockefeller University.

Purification and quantification of IgA and IgG from plasma
IgA and IgG were purified from samples with measurable neutralizing 
activity against SARS-CoV-2-RBD (11). Plasma (300 l) was diluted 
with phosphate-buffered saline (PBS), heat-inactivated (56°C for 
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Fig. 5. Monoclonal IgA and IgM antibodies bind and neutralize SARS-CoV-2 in vitro. (A) Pseudovirus IC50 neutralization values for IgA and IgM monoclonal antibod-
ies and IgG monoclonal antibodies from the same individuals (11). Antibodies with IC50 < 1000 ng/ml are shown. Orange lines indicate geometric mean. (B) RBD binding 
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1 hour), and incubated with peptide M/agarose (gel-pdm-5; InvivoGen) 
or protein G/agarose (17-0618-05; GE Healthcare Life Sciences) 
overnight at 4°C. The suspension was transferred to chromatogra-
phy columns and washed with 10 column volumes of 1× PBS. IgA 
and IgG were then eluted with 1.5 ml of 0.1 M glycine (pH 3.0), and 
pH was immediately adjusted to 7.5 with 1 M tris (pH 8.0). PBS (1×) 
buffer exchange was achieved using Amicon Ultra Centrifugal Filters 
(Merck Millipore) through a 30-kDa membrane according to the 
manufacturer’s instructions. IgA and IgG concentrations were 
determined by measurement of absorbance at 280 nm using a 
NanoDrop (Thermo Fisher Scientific) instrument, and samples 
were stored at 4°C.

Enzyme-linked immunosorbent assays
ELISAs to evaluate the IgG or IgA binding to SARS-CoV-2 RBD 
were performed as previously described using a validated assay (49, 50). 
High binding 96–half-well plates (#3690; Corning) were coated 
with 50 l per well of a protein solution (1 g/ml) in PBS overnight 
at 4°C. Plates were washed six times with washing buffer containing 
1× PBS with 0.05% Tween 20 (Sigma-Aldrich) and incubated with 
170 l of blocking buffer per well containing 1× PBS with 2% bovine 
serum albumin (BSA) and 0.05% Tween 20 (Sigma-Aldrich) for 
1 hour at room temperature. Immediately after blocking, monoclonal 
antibodies or plasma samples were added in PBS and incubated for 
1 hour at room temperature. Plasma samples were assayed at a 1:200 
starting dilution and seven additional threefold serial dilutions. 

Monoclonal antibodies were tested at a starting concentration 
(10 g/ml) and 10 additional fourfold serial dilutions. Plates were 
washed six times with washing buffer and then incubated with 
anti-human IgG (109-036-088; Jackson ImmunoResearch) or 
anti-human IgA (A0295; Sigma-Aldrich) secondary antibody con-
jugated to horseradish peroxidase (HRP) in blocking buffer at 1:5000 
or 1:3000 dilution, respectively. Plates were developed by addition 
of the HRP substrate, 3,3′,5,5″-tetramethylbenzidine (TMB; 34021; 
Thermo Fisher Scientific), for 10 min (plasma samples) or 4 min 
(monoclonal antibodies), and then the developing reaction was 
stopped by adding 50 l of 1 M H2SO4. Optical density units were 
measured at 450 nm in a microplate reader (FLUOStar Omega, 
BMG Labtech). For plasma samples, a positive control (plasma 
from patient COV21, diluted 200-fold in PBS) and negative con-
trol historical plasma samples were added in duplicate to every 
assay plate for validation. The average of its signal was used for nor-
malization of all the other values on the same plate with Excel 
software.

Cell lines
HT1080Ace2 cl.14 cells (34), 293TAce2 cells (11), and Vero E6 kidney 
epithelial cells were cultured in Dulbecco’s modified Eagle’s medium 
supplemented with 10% fetal calf serum at 37°C and 5% CO2. In 
addition, medium for Ace2-overexpressing cell lines contained blas-
ticidin (5 g/ml), and medium for Vero E6 cells was supplemented 
with 1% nonessential amino acids. All cell lines have tested negative 
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for contamination with mycoplasma, and parental cell lines were 
obtained from the American Type Culture Collection.

Pseudotyped virus neutralization assay
SARS-CoV-2 pseudotyped particles were produced by cotransfection 
of pSARS-CoV-2 Strunc and pNL4-3Env-nanoluc in 293T cells (11, 34). 
Fourfold serially diluted purified plasma IgG/IgA from COVID-19 
convalescent individuals and healthy donors or monoclonal anti-
bodies were incubated with the SARS-CoV-2 pseudotyped virus for 
1 hour at 37°C. Subsequently, the mixture was incubated with 
Ace2-expressing cells for 48 hours. HT1080Ace2 cl. 14 cells (34) were 
used for plasma-derived IgG or IgA assays, and 293TAce2 cells (11) 
were used for monoclonal antibody assays. After incubation, cells 
were washed twice with PBS and lysed with Luciferase Cell Culture 
Lysis 5× Reagent (E1531; Promega). NanoLuc Luciferase activity in 
lysates was measured using the Nano-Glo Luciferase Assay System 
(N1150; Promega) with the GloMax Navigator Microplate 
Luminometer (Promega). Relative luminescence units obtained were 
normalized to those derived from cells infected with SARS-CoV-2 
pseudotyped virus in the absence of plasma-derived or monoclonal 
antibodies. The half-maximal and 90% inhibitory concentrations 
for purified plasma IgG or IgA or monoclonal antibodies (IC50 and 
IC90) were determined using four-parameter nonlinear regression 
(GraphPad Prism).

Antibody sequencing, cloning, and expression
Single B cells were isolated from COV21, COV47, and COV96 
patients as previously described (11). Briefly, RNA from single cells 
was reverse-transcribed (18080-044; SuperScript III Reverse 
Transcriptase, Invitrogen) using random primers (48190011; 
Invitrogen) and followed by nested PCR amplifications and sequencing 
using the primers for heavy chain that are listed in data file S5 and 
primers for light chains from (51). Sequence analysis was performed 
with MacVector. Antibody cloning from PCR products was performed 
by sequencing and ligation-independent cloning into antibody ex-
pression vectors (Ig1-, IG-, IG-, Ig1, and Ig2) as detailed 
in (52). The Ig1 and Ig2 vectors were from InvivoGen (pfusess-
hcha1 for IgA1 and pfusess-hcha2m1 for IgA2). J chain plasmid was 
a gift from S. Zolla-Pazner. Recombinant monoclonal antibodies were 
produced and purified as previously described (51, 53). Briefly, mono-
clonal antibodies were produced by transient cotransfection of 
293-F cells with human heavy chain and light chain antibody expression 
plasmids using polyethylenimine (catalog no. 408727; Sigma-
Aldrich). Seven days after transfection, supernatants were harvested, 
clarified by centrifugation, and subsequently incubated with pep-
tide M (InvivoGen)/protein G–coupled Sepharose beads (catalog 
no. gel-pdm-5; InvivoGen; 17-0618-05; GE Healthcare) overnight 
at 4°C. For dimers, antibodies were produced by transient transfec-
tion of Expi293F cells with heavy chain, light chain, and J chain 
expression plasmids at a 1:1:1 ratio. After 5 days, antibodies were 
harvested, filtered, and incubated with peptide M overnight and 
eluted.

Separation of dimeric IgA from its monomeric form by size 
exclusion chromatography
A prepacked HiLoad 16/60 Superdex 200 pg (catalog no. 28989335; 
Cytiva) on the NGC Quest 10 Plus Chromatography System by Bio-
Rad was calibrated at room temperature using the HMW Gel Filtration 
Calibration Kit (catalog no. 28403842; Cytiva) and IgG. After equil-

ibration of the column with PBS, each concentrated IgA preparation 
was applied onto the column using a 1-ml loop at a flow rate of 
0.5 ml/min. Dimers of IgA1 or IgA2 were separated from monomers 
upon an isocratic elution with 70 ml of PBS. The fractions were pooled, 
concentrated, and evaluated by SDS–polyacrylamide gel electro-
phoresis using 4 to 12% bis-tris Novex gels (catalog no. M00652; 
GenScript) under reducing and nonreducing conditions followed 
by a Coomassie blue staining (catalog no. ISB1L; Expedeon).

Microneutralization assay with authentic SARS-CoV-2
Production of SARS-CoV-2 virus and the microneutralization assay 
were performed as described previously (11). Vero E6 cells were 
seeded at 1 × 104 cells per well into 96-well plates on the day before 
infection. IgA monomers and dimers were serially diluted (fourfold) 
in BA-1 medium, consisting of medium 199 (Lonza Inc.) supple-
mented with 1% BSA and 1× penicillin/streptomycin. The diluted 
samples were mixed with a constant amount of SARS-CoV-2 and 
incubated for 1 hour at 37°C. The antibody-virus mix was then 
directly applied to Vero E6 cells (multiplicity of infection of ~0.1 
plaque-forming unit/cell; n = 3) and incubated for 22 hours at 
37°C. Cells were subsequently fixed by adding an equal volume of 
7% formaldehyde to the wells, followed by permeabilization with 
0.1% Triton X-100 for 10 min. After extensive washing, cells were 
incubated for 1 hour at 37°C with blocking solution of 5% goat se-
rum in PBS (catalog no. 005-000-121; Jackson ImmunoResearch). 
A rabbit polyclonal anti–SARS-CoV-2 nucleocapsid antibody 
(catalog no. GTX135357; GeneTex) was added to the cells at a 1:1000 
dilution in blocking solution and incubated at 4°C overnight. Goat 
anti-rabbit Alexa Fluor 594 (catalog no. A-11012; Life Technologies) 
was used as a secondary antibody at a dilution of 1:2000. Nuclei were 
stained with Hoechst 33342 (catalog no. 62249; Thermo Fisher 
Scientific) at a 1:1000 dilution. Images were acquired with a fluores-
cence microscope and analyzed using ImageXpress Micro XLS 
(Molecular Devices). All experiments involving SARS-CoV-2 were 
performed in a biosafety level 3 laboratory.

Biolayer interferometry
Biolayer interferometry assays were performed on the Octet Red 
instrument (FortéBio) at 30°C with shaking at 1000 rpm. Epitope 
binding assays were performed with a protein A biosensor (18-5010; 
FortéBio), following the manufacturer’s protocol “classical sand-
wich assay.” (i) Sensor check: Sensors immersed 30 s in buffer alone 
(18-1105; FortéBio). (ii) Capture first Ab: Sensors immersed 10 min 
with Ab1 at 40 g/ml. (iii) Baseline: Sensors immersed 30 s in buffer 
alone. (iv) Blocking: Sensors immersed 5 min with IgG isotype con-
trol at 50 g/ml. (v) Antigen association: Sensors immersed 5 min 
with RBD at 100 g/ml. (vi) Baseline: Sensors immersed 30 s in buf-
fer alone. (vii) Association Ab2: Sensors immersed 5 min with Ab2 
at 40 g/ml. Curve fitting was performed using the Octet Data anal-
ysis software (FortéBio). Affinity measurement: All measurements 
of RBD-biot binding to monomer IgA or RBD-biot binding to 
dimer IgA binding were corrected by subtracting the signal obtained 
from traces performed with RBD-biot but in the absence of IgA. The 
kinetic analysis using a high precision streptavidin biosensor (18-5118; 
FortéBio) was performed as follows. (i) Baseline: 60-s immersion in 
buffer (kinetics buffer 10×; 18-1105; FortéBio). (ii) Loading: 200-s 
immersion in a solution with biotinylated RBD at 50 g/ml. 
(iii) Baseline: 200-s immersion in buffer. (iv) Association: 300-s immer-
sion in solution with IgA at 100, 50, or 25 M. (v) Dissociation: 
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600-s immersion in buffer. Curve fitting was performed using the 
Octet Data analysis software (FortéBio). Mean dissociation constant 
(KD) values were determined by averaging all three binding curves 
that matched the theoretical fit with R2 ≥ 0.8.

Computational analyses of antibody sequences
Antibody sequences were trimmed on the basis of quality and an-
notated using Igblastn v1.14.0 (54) with IMGT domain delineation 
system. Annotation was performed systematically using Change-O 
toolkit v.0.4.5 (55). Heavy and light chains derived from the same 
cell were paired, and clonotypes were assigned based on their V and 
J genes using R and Perl scripts (Zenodo, DOI:10.5281/zenodo.4296189). 
Nucleotide somatic hypermutation and CDR3 length were deter-
mined using in-house R and Perl scripts. For somatic hypermuta-
tions, IGHV and IGLV nucleotide sequences were aligned against 
their closest germlines using Igblastn, and the number of differenc-
es was considered nucleotide mutations. The average mutations for 
V genes were calculated by dividing the sum of all nucleotide muta-
tions across all patients by the number of sequences used for the 
analysis. Hydrophobicity distribution comparisons were calculated 
as described in (11). The frequency distributions of human V genes 
in anti–SARS-CoV-2 antibodies from this study were compared to 
131,284,220 IgH and IgL sequences generated by Soto et al. (56) and 
downloaded from cAb-Rep (57), a database of human shared BCR 
clonotypes available at https://cab-rep.c2b2.columbia.edu/. On the 
basis of the 81 distinct V genes that make up the 1455 analyzed 
sequences from Ig repertoire of the three patients present in this 
study, we selected the IgH and IgL sequences from the database that 
are partially coded by the same V genes and counted them according 
to the constant region. The frequencies shown in fig. S5 are relative 
to the source and isotype analyzed. We used the two-sided binomial 
test to check whether the number of sequences belonging to a spe-
cific IgHV or IgLV gene in the repertoire is different according to 
the frequency of the same IgV gene in the database. Adjusted P values 
were calculated using the false discovery rate correction.

Statistical analysis
Statistical analyses were performed with GraphPad Prism 8.0 soft-
ware. Normally distributed data were analyzed by two-sided t test, 
and skewed data were analyzed by Mann-Whitney test. Compari-
sons of more than two groups were analyzed by one-way analysis of 
variance (ANOVA) with correction for multiple comparisons by 
Dunnett’s method. Correlations were tested by Spearman’s correla-
tion coefficient. Statistical significance was defined as P < 0.05 unless 
stated otherwise. P values smaller than 0.05 were considered statis-
tically significant (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). 
The data are shown as means and individual data points.
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